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ABSTRACT Genes encoding membrane proteins com-
prise a substantial proportion of genomes sequenced to
date, but ability to perform structural studies on this
portion of the proteome is limited. Electrospray ioniza-
tion-MS (ESI-MS) of an intact protein generates a profile
defining the native covalent state of the gene product and its
heterogeneity. Here we apply ESI-MS technology with ac-
curacy exceeding 0.01% to a hydrophobic membrane protein
with 12-transmembrane a-helices, the full-length lactose
permease from Escherichia coli. Furthermore, ESI-MS is
used to titrate reactive thiols with N-ethylmaleimide. Treat-
ment of the native protein solubilized in detergent micelles
reveals only two reactive thiols, and both are protected by a
substrate analog.

Of the genomes sequenced thus far, 35% of the gene products
are known or predicted to be polytopic transmembrane pro-
teins. These proteins catalyze a multitude of essential func-
tions, from oxidative phosphorylation and electron transfer to
transport of molecules in and out of cells to signal transduction
across membranes to bacterial motility. Many are important
with regard to human disease (e.g., cystic fibrosis), and at least
two of the most widely prescribed drugs in the U.S., Prozac and
Prilosec, are targeted to membrane transport proteins. Al-
though advances in molecular biology and biochemistry over
the last 15 years have led to the characterization, purification,
and modification of this class of proteins, only a handful have
been crystallized in a form allowing for structure determina-
tion at atomic resolution that is essential for understanding
mechanism of action. Furthermore, many membrane proteins
require conformational f lexibility to function, making it im-
perative to obtain dynamic information to fully understand
function.

Unfortunately, protein primary structure predicted from
gene sequencing is biased because of sequencing errors, RNA
editing, and alternative splicing, as well as a range of post-
translational modifications that often play essential roles in
function. One way to monitor the proteome is through use of
MS (1). The electrospray ionization-MS (ESI-MS) of an intact
protein provides a unique image of native covalent state and
heterogeneity, because of the accuracy and resolution of the
technique (2–5). The measured mass sometimes agrees with
the theoretical mass based on the gene sequence, but most
often demands modification of the predicted structure until
coincidence is achieved. Thus, in a first step to obtain pro-
teomic information, the native mass of a protein is a vital
statistic, but is found only in a few database entries. In this
study, size-exclusion HPLC in acidic aqueous chloroformy
methanol is coupled with online ESI-MS (size exclusion chro-

matography-MS) to obtain the mass spectrum of a 12-
transmembrane helix transport protein, the lactose permease
of Escherichia coli.

Lactose permease is a paradigm for secondary active trans-
port proteins that convert the free energy stored in an elec-
trochemical proton gradient into work in the form of a solute
concentration gradient (6). The lacY gene has been cloned and
sequenced, and each residue has been mutagenized. The
permease has been overexpressed, purified, reconstituted into
proteoliposomes, and shown to be active as a monomer. A
battery of site-directed techniques has been developed to
determine helix packing and the relationship between the six
irreplacable amino acid side chains in the molecule (7). In
addition, two-dimensional crystallography, attenuated total
reflection-Fourier transform IR spectroscopy, and other bio-
physical studies indicate that the protein is loosely arranged to
form a central aqueous pore that presumably represents the
translocation pathway (8–10). However, the recombinant pro-
tein used for structural analyses has not been studied with
respect to covalent structure or the occurrence of noncovalent,
tightly bound lipids.

MATERIALS AND METHODS

Cell Growth, Membrane Preparation, and Purification of
Native Permease. E. coli XL 1 blue was grown in fermentors
by using enriched LB medium (90 g tryptone, 90 g NaCl, 45 g
of yeast extract, 35 g KH2PO4, 50 g K2HPO4, trace metals in
10 liters of water). The fermentors were inoculated with an
overnight culture of freshly transformed cells bearing the
PTC189 1 6His417 expression vector encoding wild-type
lacY with a C-terminal 6-His affinity tag. Cells were induced
with 1 mM isopropyl b-D-thiogalactoside at OD600 1.0 and
harvested at an OD of approximately 2.0. Concentrated cells
were washed once in cold 50 mM KPi (pH 7.5) and a second
time in the same buffer plus 10 mM MgSO4. To prepare
membranes, cells were resuspended in cold, 50 mM KPi (pH
7.5), 10 mM MgSO4, 0.5 mM Pefabloc, 10 mM b-mercap-
toethanol (BME), and 30 mgyml DNase. Cells were broken
by using two consecutive passes through an Emulsif lex
(Avestin, Ottawa, Canada) homogenizer (15,000–20,000 psi)
and unbroken cells were removed by centrifugation (15 min
at 10,000 3 g). A membrane fraction was obtained from the
supernatant by centrifugation (2 h at 150,000 3 g). To
remove peripheral membrane proteins, the membrane frac-
tion was washed with urea (5 M urea, 50 mM KPi, pH 7.5,
0.5 mM Pefabloc, 10 mM BME), stirred for 30 min on ice,
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and centrifuged for 2 h at 170,000 3 g. The supernatant was
discarded, and the membranes were resuspended in cold 50
mM KPi (pH 7.2), 0.2 M NaCl, 10 mM BME, 0.25 mgyml
phospholipid (phosphatidylethanolamineyphosphatidylglyc-
erol; 3:1, wtywt) (1.0 ml bufferyg cells), and n-dodecyl-b-D-
maltoside (DDM) was added to a final concentration of 2%
while stirring on ice for 45 min. After removing insoluble
material by centrifugation at 150,000 3 g for 30 min, the
supernatant was combined with washed Niynitrilotriacetic
acid resin (Qiagen, Chatsworth, CA) (0.35 ml of resiny1.0 g
of cells) and rotated for 2 h at 4°C. Using a glass column, the
loaded Ni resin was washed thoroughly with 50 mM KPi (pH
7.2), 10% glycerol, 0.16% DDM, and subsequently with up
to 50 mM imidazole in the same buffer. The protein was
eluted upon increasing the concentration of imidazole to 200
mM and dialyzed overnight against 50 mM KPi (pH 7.5),
0.016% DDM, 1 mM EDTA. A recombinant form of the
permease containing cytochrome b562 fused into the middle
cytoplasmic loop and named “red” permease was purified
with a similar protocol.

Sample Preparation for MS. All permease samples used for
MS experiments displayed substrate binding activity by flow
dialysis (28). Typically, aliquots of permease in detergent
suspension were precipitated with CHCl3yMeOH, essentially
as described by Wessel and Flügge (29). An aliquot (100 ml) of
the aqueous protein solution at 1–2 mgyml protein was diluted
1:3 (volyvol) with MeOH and mixed briefly. CHCl3 (100 ml)
was added, and mixing yielded a single phase. Phase separation
was initiated by addition of water (200 ml) and vigorous mixing.
The phases were separated by centrifugation (10,000 3 g, for
2 min), yielding precipitated protein at the interface. The bulk
of the upper aqueous methanol phase then was removed, and
methanol (300 ml) was added. After mixing, the pellet re-
mained insoluble in a single-phase mixture before it was
recovered by centrifugation (10,000 3 g, 1 min). The pellet was
dried for 1–2 min with the tube inverted before dissolving the
sample in 50 ml of 90% formic acid. Samples were subjected
immediately to HPLC. For labeling with N-ethylmaleimide
(NEM) the native, solubilized protein was incubated at a final
concentration of 1 mM with NEM, and the reaction was
terminated by addition of DTT to a final concentration of
10 mM.

HPLC Chromatography. For final purification, HPLC was
used before ESI-MS in an in-line setup. The ‘‘white’’ per-
mease was purified by using isocratic elution (0.5 mlymin),
with a size exclusion column (G2000SW, TosoHaas, Mont-
gomeryville, PA, 10 mM, 300 3 7.8 mm) in an aqueous
organic solvent mixture (30). A mixture of degassed CHCl3y
MeOHy1% aqueous formic acid (4:4:1; volyvol) was used as
solvent. The column was equilibrated extensively and tested
with blank injections of 90% formic acid before experiments.
For ‘‘red’’ permease, a polystyreneydivinylbenzene column
(PLRPyS, Polymer Labs, Amherst, MA) was substituted.
Separations were performed at 40°C by using a modified
ABI120A dual syringe pump machine equipped with a
postdetector splitter for back-pressure regulation and frac-
tion collection.

ESI-MS. ESI-MS analysis was performed by using a Perkin–
Elmer Sciex API III1 triple quadrupole instrument operating
in positive ion mode as described (2). An orifice potential of
75 V was found optimal for E. coli lactose permease.

RESULTS AND DISCUSSION

To achieve mass spectrometric analysis of a membrane protein,
it is necessary to remove detergents and lipids used for
solubilization (11–17). Chloroformymethanolywater phase
separation was used to precipitate the permease, thereby
removing detergent and residual phospholipid. The aggre-

gated pellet can be dissolved in 90% formic acid, but is still
accompanied by tightly bound lipids and residual detergent
requiring further purification of the polypeptide before ion-
ization. Because a single-phase mixture of chloroformy
methanoly1% aqueous formic acid (4:4:1, volyvol) effectively
solubilizes certain intrinsic membrane proteins (18), the per-
mease was transferred to this solvent mixture by using size-
exclusion chromatography (Fig. 1). Both the UV and the total
ion chromatogram show separation of material, which is not
visualized by SDSyPAGE. On-line ESI-MS of the permease
peak reveals a clean spectrum (Fig. 2) with an excellent
signal-to-noise ratio.

The acidified aqueous organic solvent mixture is highly
compatible with electrospray ionization, and permease ions
carrying from 20 to 50 positive charges (H1) are detected (Fig.
2). The ions fall into three distinct classes, which may indicate

FIG. 1. Chromatographic purification of lactose permease by
size-exclusion chromatography in aqueous organic solvent. Purified
lactose permease (200 mg protein) was separated from nearly all
noncovalently associated lipid and detergent to perform effective
ESI-MS. The permeaseydetergent micelle was disrupted by chloro-
formymethanol phase separation with the protein precipitating at the
interface. Aggregated protein was recovered by centrifugation and
dissolved in 90% aqueous formic acid (50 ml), but was still accompa-
nied by residual detergent and lipid. Size-exclusion chromatography in
chloroformymethanoly1% aqueous formic acid (4:4:1, volyvol) was
used to separate the permease from these contaminants by using a
silica column (G2000SW, 7.8 3 300 mm, TosoHaas) at 40°C and 0.5
mlymin. (A) Elution profile measured at 280 nm (mAU). Permease
eluted at 600 sec as a single peak. The eluent is directed to the mass
spectrometer, scanning the myz range 600 to 2,400 every 6 sec. (B)
Total ion chromatogram showing the signal detected for each scan
versus time. Both chromatograms show separation from residual UV
absorbing and ion-generating material.
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different conformational states in the gas phase (19). Stable
elements of secondary and tertiary structure have been ob-
served for some membrane proteins in aqueous organic sol-
vent mixtures (20). The molecular weight reconstruction of the
uncharged permease with a 6-His tag (Fig. 2, Inset) reveals that
the lacY gene product is homogeneous and that the computed
mass (47,357) is within 0.01% of that calculated from the DNA
sequence with a formyl group on the initiating methionine
(Table 1). Previous studies (21) show that the formyl group is
removed from native permease but overexpression may over-
whelm deformylase activity. Importantly, the MS spectra
indicate formylation when the protein is solubilized in trif lu-
ororacetic acid (not shown), and a recombinant form of the
permease containing cytochrome b562 fused into the middle
cytoplasmic loop (22, 23) also is formylated. Finally the protein

is amenable to Edman degradation only after N-terminal
deblocking.

MS has the power to monitor subtle covalent modifications
that often modulate regulatory and functional plasticity (2,
24–26), and it is possible to observe chemical modifications
with unprecedented detail. To probe the eight native Cys
residues in lactose permease, the protein was alkylated with
N-ethylmaleimide in the presence or absence of the substrate
analog D-galactopyranosyl b-D-thio-galactopyranoside (TDG)
(Fig. 3). Although none of the thiols are involved in disulfide
bonds, ESI-MS demonstrates that only two are alkylated (each
NEM addition increases the mass by 125 Da), and slowing of
the reaction indicates different reaction rates for each thiol
(Fig. 3B). Substrate-protected NEM labeling of only two native
Cys residues, Cys-148 and Cys-355, has been described (7).
ESI-MS detects a dominant amount of material that remains
unmodified or labeled with only one NEM when the reaction
is performed in the presence of TDG (Fig. 3D), demonstrating
that one of the Cys residues is only partially protected by
substrate. Labeling of Cys-148, a component of the binding site
that interacts hydrophobically with the galactosyl moiety of the
substrate, is inhibited completely by substrate. On the other
hand, substrate protection of Cys-355 against alkylation re-
flects a long-range conformational change caused by binding
of substrate (7).

It is demonstrated here that large hydrophobic intrinsic
membrane proteins are completely amenable to mass spec-
trometric analysis. MS will play a vital role in proteomics
with ionization of intact proteins increasingly becoming an

FIG. 2. ESI mass spectrum of lac permease collected upon elution of the 600-sec UV peak. ESI generates multiply charged ions, each with
different massycharge (myz) ratios through the addition of variable numbers of protons. In the case of lactose permease, it was necessary to generate
ions with at least 20 protons such that their myz was in the scanning range of the mass spectrometer. Spectra from several scans across the peak
were added to generate the spectrum shown. Typically ions carrying from 20 to 50 positive charges were detected, appearing to fall into at least
three distributions, suggestive of different tertiary structures in the gas phase. The measured mass is calculated from the myz of these ions after
assigning the charge states. A computer-generated reconstruction of the zero-charged protein (Hypermass, PE Sciex, Toronto) is shown (Inset).

Table 1. Calculated and measured masses for lactose permease

E. coli
lactose

permease
Calculated
mass,‡ Da

Measured
mass, Da

Difference
(%)

Native (16 His tag)* 47,354 47,357 (,0.01)
‘‘Red’’ (110 His

tag)† 60,458 60,457 (,0.01)

pNative lactose permease sequence with a six-His tag and N-
formylation of Met1.

†Permease construct with cytochrome b562 in the middle cytoplasmic
loop, a 10-His tag at the C terminus and N-formylation of Met1.

‡Average masses are used based on natural isotopic abundance.
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alternative to working with peptide fragments (27). Combi-
nation of ESI-MS with suitable chromatography should
allow rapid analysis of complex protein mixtures such as
entire membrane fractions with high accuracy within less
than 1 hr.
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FIG. 3. NEM modification and substrate protection by D-
galactopyranosyl b-D-thio-galactopyranoside (TDG). ESI-MS is used
to quantitate the addition of NEM groups to Cys residues of the
solubilized protein. Each NEM addition increases the mass of the
protein by 125 Da. (A) Unmodified permease. (B) Ten-minute
labeling with NEM on ice. (C) Ten-minute labeling with NEM at room
temperature. (D) same as C after preincubation with a saturating
concentration (50 mM) of the substrate analog TDG. Of eight thiol
groups in lactose permease only two are modified under the conditions
used. Preincubation with substrate reveals differential protection of
these Cys residues against alkylation with NEM (see text).
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